INTRODUCTION
============

The standard technique for cochlear implantation (CI) is transmastoid posterior tympanotomy (PT; facial recess) approach that was described a half century ago \[[@b1-ceo-2017-00927]\]. It was recently argued that eliminating the mastoid air cell system may lead to undesired consequences like persistent negative middle ear pressure and tympanic membrane retractions \[[@b2-ceo-2017-00927]-[@b6-ceo-2017-00927]\] and the stimulation of technological developments in the era of minimally invasive surgery resulted in description of alternative surgical techniques avoiding the mastoidectomy step in the procedure ([Table 1](#t1-ceo-2017-00927){ref-type="table"}) \[[@b7-ceo-2017-00927]-[@b20-ceo-2017-00927]\]. However, in some cases, it may simply become necessary to switch to an alternative method due to the limited anatomical vision of the round window (RW) region when looking through the PT opening. The temporal bone is a complex structure, with significant postnatal development and lateral growth; it was reported that an average of 12 mm of growth was seen directly between the sinodural angle and the RW between birth and adulthood \[[@b21-ceo-2017-00927],[@b22-ceo-2017-00927]\]. Since an anteriorly and laterally located mastoid segment of the facial nerve (FN) is the main reason of a narrow PT window resulting in insufficient exposure of the RW region ([Fig. 1](#f1-ceo-2017-00927){ref-type="fig"}), we hypothesized that some constitutional and developmental factors may lead to an unfavorable position of the RW creating a difficult surgical exposure through the PT. This condition is well known by experienced surgeons, but had been rarely brought into consideration. A recent classification evaluating the accessibility of the RW membrane via the PT assorted those difficult cases as type III patients, in which the RW membrane cannot be identified even after drilling the RW niche ([Table 2](#t2-ceo-2017-00927){ref-type="table"}) \[[@b23-ceo-2017-00927]\]. Recent studies underlined the importance of preoperative high resolution computed tomography (CT) findings and reported that the radiological evaluations correlated with the visibility of the RW \[[@b24-ceo-2017-00927],[@b25-ceo-2017-00927]\]. Although the anatomical variations of the posterior tympanum and RW region were described in detail \[[@b26-ceo-2017-00927]\], problems in surgical orientation such as mistaking a wide subcochlear canaliculus with the RW niche may lead to inadvertent implantation attempts resulting in failure and other major complications may arise.

There are various options when it becomes necessary to change the surgical approach due to the insufficient microscopic vision (difficult surgical exposure) through the PT. One of them is the transcanal exposure by elevating a tympanomeatal flap, identification of the RW membrane, followed by insertion of the array delivered into the middle ear through the aditus or facial recess, sometimes splitting the posterior canal wall or laying the electrode in a groove created in the external auditory canal (EAC) \[[@b12-ceo-2017-00927],[@b17-ceo-2017-00927]-[@b20-ceo-2017-00927]\]. Suprameatal approach and its modifications \[[@b8-ceo-2017-00927],[@b9-ceo-2017-00927]\], switching to an open cavity with reconstruction of the canal wall after implantation or blind sac closure of the EAC with fat obliteration of the cavity \[[@b14-ceo-2017-00927]\] are other techniques. Retrofacial \[[@b11-ceo-2017-00927]\] or middle fossa \[[@b7-ceo-2017-00927]\] approaches may rarely be used. However, we think that the simpler and better solution is to insert an endoscope through the facial recess and obtain a panoramic view of the RW region. With significant advantages like the wide angle outlook and growth of the image as the tip of the endoscope comes closer, the small blood vessels on the roof (tegmen) of the RW niche can be clearly identified and the tegmen may be removed to obtain a full circumferential view of the RW membrane ([Fig. 2](#f2-ceo-2017-00927){ref-type="fig"}).

Most studies advocate electrode insertion by performing a membranous cochleostomy through the RW membrane, not only to be more confident that the array is correctly placed in the scala tympani (ST) and minimizing the risk of injury to the residual hearing; but also to achieve a more optimal electrode position \[[@b27-ceo-2017-00927]-[@b29-ceo-2017-00927]\]. Bony cochleostomy, which may be used when there is limited access, is more undesirable; however, similar soft surgical techniques can be used and a proper electrode position may also be obtained with this technique as well \[[@b23-ceo-2017-00927]\]. For almost 10 years, we have used supplementary endoscopic examination of the middle ear landmarks through the PT without elevating the tympanic annulus, when it is difficult to achieve a complete exposure of the RW membrane by the microscopical view. In this article, we examined the records of such CI operations retrospectively and evaluated the utility and validity of this technique. We also evaluated whether the difficult surgical exposure could be predicted by examining preoperative axial computed high resolution CT scans.

MATERIALS AND METHODS
=====================

The data of 179 CI operations, with endoscopic assistance when necessary, were retrospectively evaluated. There were 105 male (58.6%) and 74 female (41.3%) patients. The majority of the cases were children (152 cases, 84.9%), but the age range was between 1 and 75 years (mean, 7.8 years). Of those 179 patients, 132 (73.7%) were prelingually hearing impaired, the numbers of perilingual and postlingual patients were 15 (8.3%) and 32 (17.8%), respectively. Fourteen cases (7.8%) had various inner ear abnormalities including enlarged vestibular aqueduct (3.9%), incomplete partition type II deformity (2.2%), common cavity (1.1%) and semicircular canal dysplasia (0.5%).

A standard mastoidectomy and PT approach was used for all cases. Nucleus (Contour Advance; Cochlear, New South Wales, Australia), Advanced Bionics (HiFocus 1j, HiFocus Helix; Advanced Bionics, Valencia, CA, USA), Med-El (Classic Standard, Classic Compressed; Med-El, Innsbruck, Austria), and Oticon (Neuro Zti; Oticon Medical, Copenhagen, Denmark) implants were used according to various situations. Endoscope-assisted visualization of the RW region through the PT was performed in 14 cases (7.8%) in which the RW membrane was not properly exposed under the microscopical view (Saint Thomas Hospital \[STH\] classification type IIb \[[@b23-ceo-2017-00927]\]). Rigid endoscopes with 0º and 30º (2.7 and 4 mm in width, 11 and 6 cm in length) and a HD (high-definition) camera system (Karl Storz, Tuttlingen, Germany) were used for the endoscopic evaluation. The RW region was visualized by inserting the endoscope through the PT without elevating the tympanic annulus ([Fig. 3](#f3-ceo-2017-00927){ref-type="fig"}). After definitive identification of the RW and its membrane with the advantage of the panoramic view provided by the endoscopes, the inferior border of the RW niche was marked with the tip of a pick. Later, we switched to the microscope and drilled the RW niche (tegmen) using both hands until a circumferential view of the RW membrane is obtained. After proper exposure, the electrode was inserted through an opening in the RW membrane mostly under microscopical vision.

The position of the cochlea in the petrous bone, as well as the relationship between the FN and the RW was carefully evaluated on the preoperative axial CT scan in each patient preoperatively. First, we considered whether the region between the FN and the RW was deep enough, regarding that an adjacent position of these structures with a short distance and an insufficient depth between them might predict the inadequacy of a PT opening for a proper RW exposure ([Fig. 4](#f4-ceo-2017-00927){ref-type="fig"}). Second, we hypothesized that an anteriorly inclined internal auditory canal (IAC) may predict an unfavorable position of the cochlea, which may also impede the surgical exposure of the RW through the PT. For that reason, we evaluated whether the IAC was roughly parallel to a horizontal line drawn on an axial CT cut connecting the posterior-lateral margins of both IACs or exhibit a significant anterior inclination ([Fig. 5](#f5-ceo-2017-00927){ref-type="fig"}). An unfavorable situation was suspected to exist if both the space between the FN and the RW was shallow and there was an anterior inclination of the IAC. It was not intended to measure and calculate those two evaluation parameters due to their insufficient objectivity.

RESULTS
=======

In 14 cases (7.8%), endoscopic assistance was necessary to identify the RW membrane correctly during the operation. In all of them, less than half of the RW membrane was visible after drilling the niche (STH classification type IIb). The difficult exposures were experienced mostly in children, 10 of the 14 patients (71.4%) in whom endoscopic assistance was necessary were children and difficult surgical exposure was predicted in five of these pediatric patients (50%). Endoscopic identification of the RW through the PT enabled us to perform a regular surgery in all these 14 cases without the need for switching to a bony cochleostomy or other more invasive alternative techniques. Inadequate surgical exposure could be predicted preoperatively by identifying a shallow space between the FN and the RW in addition to a significant degree of unfavorable cochlear position in six of 14 cases (42.8%). There were two pediatric cases with enlarged vestibular aqueduct anomaly in the difficult to expose group and no anomalies were detected in the remaining 12 patients. No operative difficulties in the microscopical surgical exposure were encountered and endoscopic assistance was not required for other 165 patients (95.3%) in whom preoperative CT evaluations suggested that the depth of the RW was adequate and the IAC was not anteriorly inclined. In eight of the 14 endoscope-assisted cases, it was not able to predict the difficulty by examining the scans and endoscopic assistance was required in those eight out of the unpredicted 173 patients (4.6%). Regarding the validity of preoperative CT examination in predicting the difficult surgical exposure, there were no false positive, 165 true negative, six true positive and eight false negative cases ([Table 3](#t3-ceo-2017-00927){ref-type="table"}).

DISCUSSION
==========

The direct line of sight obtained by the microscope through the PT may not provide enough surgical exposure and sometimes it may be difficult to identify the RW and surrounding landmarks. A recent classification put forward the importance of this fact and reported that it was difficult to identify the RW membrane in up to 11% of adult and 22% of pediatric cases (STH classification types IIb) \[[@b23-ceo-2017-00927]\].

A careful examination of preoperative CT scans can enable the surgeon to anticipate and evaluate probable difficulties such as a high jugular bulbus, anteriorly located lateral sinus or a low hanging dura. It was reported that the intraoperative visibility of the RW membrane could be predicted radiologically by using some measurements to determine the distance and relationships between the FN and the RW, as well as the position of the cochlea along the axis of the PT window \[[@b24-ceo-2017-00927],[@b25-ceo-2017-00927],[@b28-ceo-2017-00927],[@b30-ceo-2017-00927]\]. In light of these previous studies, we paid more attention in evaluating the distance between the FN and the RW on the axial CT scan to determine the adequacy of the width and depth of the posterior tympanum ([Fig. 4](#f4-ceo-2017-00927){ref-type="fig"}). It was considered that a difficult exposure is likely if the FN and the RW were in an adjacent position with a short distance between them. We also thought that an unfavorable position of the cochlea within the petrous bone might occur as a result of constitutional factors or possibly due to the ongoing growth of the skull in children. It was thought that a more caudal, posterior and medial position of the cochlea and/or a more anterior and lateral position of the FN may cause difficulty for the exposure of the RW through a proper PT opening; so, we speculated that the angle between the IAC and a horizontal line demonstrating the coronal plane may be an additional radiological parameter in predicting the unfavorable position or orientation of the RW. Normally, the IAC is roughly parallel to the EAC and a horizontal line connecting the posterior-lateral borders of both IACs on an axial CT scan. We thought that, if the IAC is inclined anteriorly creating a considerable degree of angulation in relation to this horizontal line, it was likely that the cochlea may be located in a more caudal, posterior and medial position and a more difficult surgical exposure may be anticipated in such cases ([Fig. 5](#f5-ceo-2017-00927){ref-type="fig"}). By using these two parameters, inadequate surgical exposure could be predicted on the preoperative axial CT scans in six of the 14 cases (42.8%) up in our series. However, in eight of the 14 endoscope-assisted cases (57.2%), it was not able to predict the difficulty by examining the scans.

It seems that the two radiological parameters evaluated in this study were not adequate for the evaluation of the difficulty in the exposure of the RW through the PT and showed that further studies were needed to obtain more reliable criteria. The weakness of our paradigm was the lack of quantitative evaluations of the depth of the posterior tympanum and cochlear position by using objective radiological measurements like segmentation techniques relative to the surrounding anatomical structures. However, further research is being conducted in order to evaluate our hypothesis with objective morphological and radiodiagnostical data. Also, the number of cases was not enough to draw a conceivable conclusion, but we think that quantitative evaluation of those two aforementioned features may be useful to anticipate the difficulty in the surgical exposure and a need for an alternative or assistive technique.

Previous studies suggested that the position of the electrode array in relation to the ST was strongly influenced by the insertion vector. RW (membranous) cochleostomy is considered more appropriate than promontory (bony) cochleostomy in this respect since the angle of insertion through the RW may provide the optimal vector for the desired position of the electrode \[[@b27-ceo-2017-00927]-[@b29-ceo-2017-00927]\]. It is easier to identify the RW with a transcanal approach, but transcanal insertion vector may carry the risk of leading to a more lateral position of the array in the ST and may increase the battery energy needed to stimulate the spiral ganglion neurons. Also, elevating the tympanic annulus carries a significant risk of injury to the annulus or tympanic membrane \[[@b20-ceo-2017-00927],[@b31-ceo-2017-00927],[@b32-ceo-2017-00927]\]. We think that transfacial recess endoscopic identification of the RW obviates the need to switch to a transcanal approach. It is possible to determine the orientation of the basal turn endoscopically, providing information on spatial orientation ([Fig. 6](#f6-ceo-2017-00927){ref-type="fig"}).

Endoscopic ear surgery (EES) has gained considerable popularity during the last decade \[[@b26-ceo-2017-00927],[@b29-ceo-2017-00927],[@b31-ceo-2017-00927],[@b33-ceo-2017-00927],[@b34-ceo-2017-00927]\], and this enthusiasm encouraged the otologists to use endoscopes during conventional and alternative CI surgeries. The first advantage of EES is the endoscopic magnification, which is the growth of the visual field as the endoscope approaches near the object of interest. The second is the unique ability to visualize over the corners with the angled endoscopes. Both features contribute to the benefit of obtaining a panoramic view of the anatomical structures, which may not be possible with the direct line of vision of the microscope. EES can be applied not only during the conventional approach, but also while using other alternative CI techniques ([Table 1](#t1-ceo-2017-00927){ref-type="table"}), which can be grouped as transmeatal (suprameatal and endomeatal) and endoscope-assisted (percutaneous, transcanal and transfacial recess) approaches ([Table 4](#t4-ceo-2017-00927){ref-type="table"}) \[[@b15-ceo-2017-00927],[@b19-ceo-2017-00927],[@b20-ceo-2017-00927],[@b31-ceo-2017-00927],[@b34-ceo-2017-00927]-[@b37-ceo-2017-00927]\]. The disadvantages of alternative techniques are electrode exposure or extrusion and cholesteatoma formation; ear canal or tympanic membrane injuries were reported to occur in almost half of the patients \[[@b20-ceo-2017-00927],[@b32-ceo-2017-00927]\]. Endoscope-assisted approaches may necessitate individually customized drill guides in addition to the availability of image guided surgical technology \[[@b35-ceo-2017-00927],[@b36-ceo-2017-00927]\].

Our technique is an endoscope-assisted conventional PT approach; however, if there is limited visibility of the RW, 0º and 30º endoscopic examination through the facial recess is performed in addition. A panoramic view of the RW is obtained by doing so and the RW membrane can be circumferentially displayed in contrast to the usual microscopic view, which is in line with the angle of the microscope. Endoscopic examination enables the surgeon to determine the orientation of the RW membrane and the fustis, area concamerata and the subcochlear tunnel can also be clearly identified ([Fig. 3](#f3-ceo-2017-00927){ref-type="fig"}). Then the surgeon can switch to the microscope, and after drilling the RW niche, may obtain a sufficient microscopical view in order to precede the following steps of the surgery or a membranous cochleostomy can be performed endoscopically. It is also possible to visualize inside the ST endoscopically through the cochleostomy in order to assess the orientation of the modiolus and other anatomical features ([Fig. 6](#f6-ceo-2017-00927){ref-type="fig"}). Alhough we sometimes do in suitable situations, it is not recommended to insert the electrode under endoscopic view ([Fig. 3](#f3-ceo-2017-00927){ref-type="fig"}). Since some electrodes are particularly flexible and springy, while some others may require removal of the stylet with one hand and insertion with the other, it is an unnecessary challenge to try to insert the electrode while one hand is holding the endoscope. Our technique is different from other recently published series \[[@b19-ceo-2017-00927],[@b37-ceo-2017-00927]\] in that the annulus is not elevated and endoscopy of the RW is performed through the PT opening. In our experience, it is not necessary to elevate the annulus and obtain a transcanal microscopic and/or endoscopic exposure and we think that transcanal exploration is prone to iatrogenic annulus and/or tympanic membrane injures, especially in children with eardrum retractions.

The main benefit of endoscope-assisted CI is the improved visibility of the RW region. The addition of transfacial recess endoscopic examination into the conventional approach is a helpful technique, which may reduce the risk of complications by eliminating surgical exposure and orientation problems, especially in patients with difficult anatomy such as cochlear morphological abnormalities or congenital malformations. The difficulty in the surgical exposure of the RW cannot be reliably predicted by the subjective evaluation of the preoperative CT scans and more studies are needed to obtain reliable criteria.

HIGHLIGHTS
==========

● Surgical landmarks can be more easily identified with the aid of endoscopes.

● Endoscopic evaluation can reduce risk of complications by minimizing surgical orientation.

● Axial computed tomography scans are useful to determine if the surgical exposure of the round window is difficult.
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![Adequate microscopical exposure of the round window region through posterior tympanotomy (right ear). Stapedial tendon, posterior crus of the stapes, incudostapedial joint and round window region are clearly visualized (A). Inadequate microscopical exposure of the round window region through posterior tympanotomy (facial recess approach, right ear). Round window region can not be visualized through the window delineated by chorda tympani laterally, facial nerve medially and the short process of incus cranially. The incudostapedial joint, umbo can be noticed (B). The round window niche could not be fully exposed in spite of a maximally opened proper posterior tympanotomy window (Saint Thomas Hospital classification type IIb) (C).](ceo-2017-00927f1){#f1-ceo-2017-00927}

![Endoscopic view of the round window through the facial recess obtained with a 0º, 4 mm rigid endoscope before (A) and after (B) removing the round window niche (right ear).](ceo-2017-00927f2){#f2-ceo-2017-00927}

![Endoscopic view of the round window (RW) region obtained with a 0º, 4 mm rigid endoscope inserted through the facial recess (right ear). RW region (A), RW membrane after removing the niche (B), membranous cochleostomy (C), electrode insertion (D).](ceo-2017-00927f3){#f3-ceo-2017-00927}

![The first parameter used to determine the adequacy of the exposure: the depth of the region between the mastoid segment of the facial nerve and the round window on an axial computed tomography scan was evaluated in order to assess whether the facial recess approach would provide an adequate exposure (right ear; arrow points to the round window, arrowhead points to the mastoid segment of the facial nerve).](ceo-2017-00927f4){#f4-ceo-2017-00927}

![The second parameter used to determine the adequacy of the exposure: the angle between the long axis of the IAC and a horizontal line drawn between the posterior borders of both internal auditory canals (IACs). (A) The angle is markedly increased on the right side and the IAC is inclined significantly anteriorly. (B) The IAC is nearly in horizontal orientation on the left side in comparison to (A). The expected orientation of the right IAC in relation to the location of the cochlea is illustrated in (C) (axial computed tomography scan).](ceo-2017-00927f5){#f5-ceo-2017-00927}

![Rigid endoscopic view (0º, 2.7 mm) of the scala tympani and modiolus (left ear).](ceo-2017-00927f6){#f6-ceo-2017-00927}

###### 

Alternative CI techniques

  Author                                              Year   Technique
  --------------------------------------------------- ------ --------------------------------
  Colletti et al. \[[@b7-ceo-2017-00927]\]            1998   Middle cranial fossa approach
  Kronenberg et al. \[[@b8-ceo-2017-00927]\]          2001   Suprameatal approach
  Kiratzidis et al. \[[@b9-ceo-2017-00927]\]          2002   Veria approach
  Hausler \[[@b10-ceo-2017-00927]\]                   2002   Pericanal electrode insertion
  Huang et al. \[[@b11-ceo-2017-00927]\]              2006   Retrofacial approach
  Sennaroglu and Aydin \[[@b12-ceo-2017-00927]\]      2002   Split ear canal
  Warren et al. \[[@b13-ceo-2017-00927]\]             2007   Percutaneous CI
  Carfrae and Foyt \[[@b14-ceo-2017-00927]\]          2009   Canal wall down
  Guneri \[[@b15-ceo-2017-00927]\]                    2016   Endoscope-assisted CI
  Slavutsky and Nicenboim \[[@b16-ceo-2017-00927]\]   2009   Endomeatal approach
  Lavinsky et al. \[[@b17-ceo-2017-00927]\]           2010   Combined approach
  Kiumehr et al. \[[@b18-ceo-2017-00927]\]            2013   Transcanal approach
  Marchioni et al. \[[@b19-ceo-2017-00927]\]          2014   Endoscopic CI
  Dia et al. \[[@b20-ceo-2017-00927]\]                2014   Transcanal endoscopic approach

CI, cochlear implantation.

###### 

STH classification and suggestions for cochleostomy choice (including the authors' suggestion for type III cases)

  Type   RW visibility after drilling the niche   Suggestion
  ------ ---------------------------------------- ----------------------------------------------------------------------------------------------------
  I      Complete                                 Membranous cochleostomy
  IIa    50%--99%                                 Membranous±anteroinferior RW approach
  IIb    1%--49%                                  Extended anteroinferior RW approach±bony cochleostomy
  III    Impossible                               Bony cochleostomy
                                                  Endoscopic identification of the RW membrane through the facial recess and membranous cochleostomy

STH, Saint Thomas Hospital; RW, round window.

###### 

The distribution of patients with difficult surgical exposure and those who were preoperatively predicted or not by evaluating the axial CT exam

  Reliability of preoperative CT evaluation   Total   Difficult exposure group (STH type IIb)
  ------------------------------------------- ------- --------------------------------------------------------
  Number                                      14      14
  Pediatric case                              10      2 With enlarged vestibular aqueduct, 8 with no anomaly
  Adult case                                  4       4 With no anomaly
  True positive                               6       5 Pediatric, 1 adult
  False negative                              8       5 Pediatric, 3 adults
  Sensitivity (%)                             42.8    30
  Specificity (%)                             100     100
  Positive predictive value (%)               100     100
  Negative predictive value (%)               95.3    94.4

CT, computed tomography; STH, Saint Thomas Hospital.

###### 

Classification of alternative cochlear implantation techniques

  Transmeatal   Endoscope-assisted
  ------------- --------------------
  Endomeatal    Percutaneous
  Suprameatal   Transcanal
                Transfacial recess
